Background: The dynamic changes that occur in protein expression after treatment of a cancer in vivo are poorly described. In this study we measure the effect of chemotherapy over time on the expression of a panel of proteins in ovarian cancer xenograft models. The objective was to identify phosphoprotein and other protein changes indicative of pathway activation that might link with drug response. Methods: Two xenograft models, platinum-responsive OV1002 and platinum-unresponsive HOX424, were used. Treatments were carboplatin and carboplatin-paclitaxel. Expression of 49 proteins over 14 days post treatment was measured by quantitative immunofluorescence and analysed by AQUA. Results: Carboplatin treatment in the platinum-sensitive OV1002 model triggered up-regulation of cell cycle, mTOR and DDR pathways, while at late time points WNT, invasion, EMT and MAPK pathways were modulated. Estrogen receptor-alpha (ESR1) and ERBB pathways were down-regulated early, within 24 h from treatment administration. Combined carboplatin-paclitaxel treatment triggered a more extensive response in the OV1002 model modulating expression of 23 of 49 proteins. Therefore the cell cycle and DDR pathways showed similar or more pronounced changes than with carboplatin alone. In addition to expression of pS6 and pERK increasing, components of the AKT pathway were modulated with pAKT increasing while its regulator PTEN was down-regulated early. WNT signaling, EMT and invasion markers were modulated at later time points. Additional pathways were also observed with the NFκB and JAK/STAT pathways being up-regulated. ESR1 was down-regulated as was HER4, while further protein members of the ERBB pathway were upregulated late. By contrast, in the carboplatin-unresponsive HOX 424 xenograft, carboplatin only modulated expression of MLH1 while carboplatin-paclitaxel treatment modulated ESR1 and pMET. Conclusions: Thirteen proteins were modulated by carboplatin and a more robust set of changes by carboplatinpaclitaxel. Early changes included DDR and cell cycle regulatory proteins associating with tumor volume changes, as expected. Changes in ESR1 and ERBB signaling were also observed. Late changes included components of MAPK signaling, EMT and invasion markers and coincided in time with reversal in tumor volume reduction. These results suggest potential therapeutic roles for inhibitors of such pathways that may prolong chemotherapeutic effects.
Background
Ovarian cancer is a leading cause of gynecologic cancer mortality worldwide. Platinum-based drugs, often combined with a taxane, are the main chemotherapy treatment that follows surgical debulking [1] . Although the majority of patients initially respond to this treatment, around 70 % relapse and present with recurrent disease between 6 and 24 months [2] . The overall 5-year survival is around 30 % [3] , highlighting the need for improved patient targeting with appropriate treatment. Many treated chemo-resistant patients (30 %) suffer serious side effects needlessly, while their outcomes could be improved by guiding such patients to alternative therapies. Characterisation of the dynamic processes involved in response to chemotherapy in ovarian cancer models may help develop tools for the prediction of chemoresponse and outcome and help identify key molecular changes occurring on treatment.
Cancer is the result of alterations in a limited number of pathways [4] . Recent genomic analyses of ovarian cancer have identified several deregulated pathways [5, 6] . For instance cell cycle associated defects are a hallmark of many cancer types including ovarian cancer [7] . Ovarian cancer is characterised by dysregulation of multiple cellular signaling pathways involved in cancer initiation and progression, such as EGFR/ERBB [8] , MAPK [9] , PI3K/AKT/mTOR [6, 10] , WNT [11] , JAK/STAT [12] , NFκB [13] , ERα [14] . Hypoxic response promotes invasiveness by inducing tumor migration and metastasis [15] , while SNAIL [16] , AKT, EGFR [17] and WNT pathway [18] mediate epithelial-to-mesenchymal (EMT) transition. Several DNA repair pathways, such as ataxiatelangiectasia-mutated (ATM) [19] , Fanconi anemia (FA) [20] , nucleotide excision repair (NER) pathways [21] , are activated in response to platinum-induced DNA damage. A number of these pathways have been associated with chemo-resistance [22] , while oncogenic pathway profiles have been associated with clinical outcome [23] . BRCA1/2 mutation status is also informative with respect to platinum response [24] .
Activation states of cell signaling pathways can be inferred by measuring expression of representative proteins or phosphoproteins [25] . Quantitative proteomic approaches allow for the estimation of expression of multiple proteins in a large number of samples and have been used in ovarian cancer to identify factors associated with platinum response and to characterise histotype-dependent protein expression [26, 27] . Measurement of multiple proteins over time may reveal dynamic expression patterns of several pathways simultaneously. Clustering tumors according to activation patterns of oncogenic pathways can identify disease relevant deregulation patterns and support molecular classification [28] .
In an earlier study, we analysed genome-wide dynamic gene expression changes in ovarian cancer models after chemotherapy treatment [29] . We observed deregulated DNA repair, cell cycle and apoptosis pathways and identified gene sets associated with survival [28] . Here we measured the dynamic effect of carboplatin and paclitaxel chemotherapy on the expression of a combined panel of 49 proteins and phosphoproteins using the same xenograft models. The models had distinct histological origin and diverse response patterns to carboplatin. As in the gene expression study, protein expression was assessed over a period of 14 days after treatment with drugs with concurrent monitoring of tumor volume. The selected proteins are frequently aberrant or belong to oncogenic pathways often deregulated in ovarian cancer [6, 30] . The targeted proteomics approach allowed the simultaneous detection of dynamic oncogenic pathway activation at the protein level in response to treatment, thus providing a complementary aspect to the transcriptomics study. We identified time-related changes in activated oncogenic pathways and we analysed those in respect to tumor volume reduction.
Methods

Xenograft dataset
The platinum sensitive OV1002 ovarian cancer xenograft model was derived from a high grade serous adenocarcinoma, while the HOX424 xenograft model was of clear cell/endometrioid origin and had reduced responsiveness to platinum. Both cell lines were established at the Institute of Genetics and Molecular Medicine, University of Edinburgh as described previously [31] . Ovarian tumor fragments were implanted subcutaneously into adult (12 week old) female CD-1 nu/nu mice and were allowed to grow to 4-6 mm in diameter in negative pressure isolators (La Calhene, Cambridge, UK). Mice were then stratified into treatment groups such that mean tumor volumes were equivalent across the groups. Tumor size was monitored twice weekly and relative tumor volumes (RTV) were calculated for each individual tumor by dividing the tumor volume on day t (Vt) by the tumor volume on day 0 (V0). Mice were grouped into three groups: untreated controls, carboplatin treated (50 mg/kg) and carboplatin (50 mg/kg) + paclitaxel treated (10 mg/kg). Treatment was administered as a single intraperitoneal dose on day 0. Groups of both treated and untreated control mice were sacrificed on Day 1, 2, 4, 7 and 14 after treatment. Tumors were placed into formalin, fixed and paraffin embedded. Tissue sections were cut and stained with a range of antibodies as described below against 49 protein targets ( Table 1) . The xenograft dataset consisted of 99 OV1002 
Protein expression
Protein expression was measured by immunofluorescence using methods previously described [25] . Tissue microarrays were prepared from xenograft material that had been formalin-fixed at the time of collection and had been processed into paraffin blocks. Microarray slides were deparaffinized and antigen-retrieved by pressure-cooking. Endogenous peroxidases were blocked with 2.5 % hydrogen peroxide for 15 min and nonspecific binding blocked with serum-free protein block for 15 min. Slides were then incubated with primary antibodies (Table 2 ) with AE1/AE3 mouse monoclonal cytokeratin antibody at room temperature for 1 h. After washing, sections were incubated for 1 h at room temperature with secondary antibodies, which included an Alexa 555-conjugated goat anti-mouse antibody diluted 1:100, and prediluted goat anti-rabbit antibody conjugated to a horseradish peroxidase decorated dextran-polymer backbone (EnVision, Dako). Slides were then incubated for 10 min with Cy5-tyramide, which is activated by horseradish peroxidase, to visualise target protein expression. 4', 6-Diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, Ore) was used to stain the nuclear compartment. For analysis, pan-cytokeratin antibody was used to identify tumor cells and normal epithelial cells, DAPI counterstain to identify nuclei, and Cy-5-tyramide detection for target protein in compartmentalised (tissue and subcellular) analysis of tissue sections. Monochromatic images of each 0.6 mm TMA core were captured at 20× objective using an Olympus AX-51 epifluorescence microscope, and high-resolution digital images analysed by the AQUAnalysis software. AQUA scores, which represent the sum of the Cy5-tyramide score for the target protein divided by the area of the cellular compartment (cytoplasm or nucleus), were then generated for each sample. A detailed description of the AQUA analysis has been reported elsewhere [32] .
Protein expression analysis and statistics
AQUA scores were log-transformed averaged from replicate cores. Means of differentially expressed proteins log fold change values for each time point were hierarchically clustered using Cluster 3.0 in order to identify significant proteins with similar temporal expression profiles. Heatmaps were visualized using TreeView [33] . We have previously shown significant relative tumor volume reduction within the period up to 14 days after a single treatment in the platinum responsive OV1002 and a minimal response in platinum resistant HOX424 ovarian cancer xenograft models [29] (Fig. 2) . This same sample set was analysed for the abovenamed proteins. Carboplatin was administered at 50 mg/kg and tumors collected on days 1, 2, 4, 7 and 14 after treatment. Over this time period, analysis of the protein set identified 13 differentially expressed protein forms (ESR1, βCatenin, Claudin 7, MET, Cyclin B1, HER4, S6, pBRCA1, pERK, pCDK2, pCHK1, pH2AX, pS6) in carboplatin treated OV1002 xenografts, of which 6 were phosphoproteins (Additional file 3). Proteins were grouped by hierarchical clustering into 3 clusters (which we have identified as downregulated early, upregulated late, and upregulated overall, corresponding to their dynamic changes) and a singleton (ESR1 -which was downregulated) (Fig. 3a) . Differential expression was mostly late and transient (Fig. 4) . Native S6 was reduced early and substituted by its late expressed phosphorylated form (pS6) over time. pCDK2, pERK, pBRCA1 were upregulated at late time points, while expression of their unphosphorylated counterparts was not significantly changed (Fig. 5) . Phosphorylated pH2AX was differentially expressed at all five time points, while pCHK1 only at day 14. In contrast to the increased phosphoprotein expression in treated xenografts, a range of unphosphorylated protein expression responses was observed. Expression of HER4, S6 and ER was inhibited one day post treatment, while MET, βCatenin, Claudin7 and CyclinB1 were upregulated late (Fig. 5) . Four of these proteins were found differentially expressed also in the gene level: CDK2, Cyclin B1, CHK1 and MET [29] .
The HOX424 response to treatment was very limited. Only one protein (MLH1) was differentially expressed in carboplatin-treated xenografts (Additional file 3). This minimal response is consistent with the very limited tumor growth response to carboplatin (Additional file 3).
Carboplatin-paclitaxel dynamically trigger a broader and stronger phosphoprotein expression in ovarian cancer xenografts
The combined carboplatin-paclitaxel treatment triggered a more extensive response than carboplatin alone in the OV1002 model. In contrast to only 13 proteins showing differential expression with carboplatin, a total of 23 proteins (25 protein forms) (EGFR, HER4, PTEN, PAI, Cyclin B1, pBRCA1, CTNNB1, MET, pAKT, Claudin 7, ERK, pCTNNB1, pERK, p21, HER2, MYC, pH2AX, pNFκB, pCHK1, SNAIL, pHH3, pSTAT3, pCDK2, pS6, ESR1) were differentially expressed at both early and late time points, of which 11 were phosphoproteins (Figs. 4 and 5, Additional file 3). These were clustered by hierarchical clustering into 4 groups (identified as upregulated late, upregulated overall, downregulated early, down-early/upregulated late) and a singleton (ESR1 -downregulated) (Fig. 3b) . Differentially expressed proteins included all but one (S6) that were found significant after carboplatin only treatment. Longitudinal expression profiles between treatments were similar, especially among phosphoproteins. Some distinct expression patterns were observed after carboplatinpaclitaxel treatment. Expression of pBRCA1 was increased immediately after treatment (day 1), while Formaldehyde fixed paraffin-embedded xenograft tissue was stained and analysed as described in Methods pCHK1 had a higher log fold change across all time points compared to carboplatin only treatment. Five additional phosphoproteins were differentially expressed only after combined treatment. Expression of pAKT and pNFκB were triggered shortly after treatment (day 1), followed by pSTAT3 and pHH3 which were differentially expressed from day 2. Phospho-βCatenin was expressed late, from 7 days after treatment (Fig. 5) . Expression of four phosphoproteins was changed at least 2-fold: pH2AX, pCHK1, pCDK2 and pBRCA1 (Fig. 5) .
In contrast to carboplatin only treatment, early HER4 and ERα down-regulation were followed by up-regulation at late time points after combination treatment. Additionally, up-regulation of Cyclin B1 and Claudin 7 started immediately after treatment. Another eight proteins were differentially expressed after carboplatin-paclitaxel treatment. Expression of PAI and PTEN was inhibited at day 2. Expression of HER2 and MYC was upregulated at day 1 only, while EGFR and ERK were upregulated late. Snail and p21 were upregulated at early and late time points (Fig. 4) . CDK2, Cyclin B1, BRCA1, CHK1, ESR1, HH3 and STAT3 were differentially expressed in the corresponding treatment to control comparison in the gene expression study [29] . All were upregulated in both gene and protein level, except the last two which were downregulated in the gene level and positively regulated in the protein level. Protein expression of HH3 and STAT3 was assessed only in the phosphorylated form and this may explain the discrepancy in expression between gene and protein.
The HOX424 response to combination treatment, as with carboplatin alone treatment, was very limited. Only two proteins (ESR1 and pMET) were differentially expressed in carboplatin-paclitaxel treated xenografts (Additional file 3). Again this is consistent with the very minimal growth response shown to these drugs (Fig. 2) .
Discussion
In this study, we characterised a dynamic protein response to chemotherapy in two ovarian cancer models over a period of 14 days using a set of protein markers of pathways that are frequently deregulated in cancer and may be associated with survival. Complementing an earlier gene expression study, we found multiple proteins differentially expressed after treatment in either or both their native and phosphorylated forms allowing assessment of relative expression of each form over time. An increase of the activated (phosphorylated) forms was observed indicating the activation of several pathways in response to treatment. Certain proteins showed late change in expression, detected here due to the relatively prolonged period of expression monitoring (14 days). There is potential to collect serial samples during treatment of ovarian cancer, e.g., during neoadjuvant therapy which is being increasingly considered prior to surgery [35] or during adjuvant therapy by studying peritoneal ascitic cells removed from patients before and after therapy. Measurement of the dynamic markers identified within this study could provide further information to aid in the assessment of whether the tumor is sensitive to treatment or not.
We observed distinct responses to treatment in each cell line xenograft model. The serous derived OV1002 xenograft was highly responsive to carboplatin-based treatment as judged by a decrease in RTV and marked differential protein expression analysis. Differential protein expression in the slow growing and mainly unresponsive clear cell/endometrioid derived HOX424 was very limited after treatment, while the drop in RTV was smaller in duration and magnitude. This observation coincided with the post-treatment differential expression pattern of these models at the gene level [29] . Correlation of gene and protein expression was higher when both were differentially expressed [36] . These results suggest that responses to treatment among ovarian cancer models of distinct histological origin vary which is consistent with clinical experience. Testing more Modified from [29] models of diverse origin would be valuable in helping to assess the range of responses to treatment in ovarian cancer.
Carboplatin treatment in the platinum-sensitive OV1002 model triggered up-regulation of cell cycle (Cyclin B1, pCDK2, pCHK1), mTOR (S6, pS6) and DRR (pH2AX, pBRCA1, pCHK1) pathways, while at late time points WNT (βCatenin), invasion (Claudin 7), EMT (c-MET) and MAPK (pERK) pathways were modulated. Estrogen receptor-alpha (ESR1) and ERBB (HER4) pathways were down-regulated early, within 24 h, as was S6. The early increase in pH2AX at [29] (GEO accession number GSE49577) is shown in blue where available, and its correlation to protein expression is indicated 24 h was maintained through to Day 7 after which it fell. Cell cycle changes (pCDK2, Cyclin B1) increased progressively over the first 7 days and at the latest time point indicators of WNT, EMT, Invasion and MAPK pathways were increased. The changes in DNA damage response and repair proteins and in cell cycle associated proteins are in line with the DNA lesions produced by carboplatin and consistent with its mode of action [37] . In platinum-sensitive ovarian cancer cells in vitro, we have previously shown that markers of DDR such as pBRCA1 and p H2AX are known to be induced over a 3-4 day period comparable to that seen in vivo [38] . The changes observed in the current study are also consistent with differential expression patterns observed in the gene expression study, where several cell cycle and DDR proteins used here were significant (Fig. 5 ). These variations were anticipated and match the changes in tumor volume after treatment. Phosphorylation of H2AX on Ser139 is consistent with formation of DNA strand breaks [39] , while BRCA1 is phosphorylated by ATM in response to double-stranded DNA breaks [40] . CHK1 Ser 317 phosphorylation is then consistent with checkpoint activation [41] . βCatenin has been proposed as a target in this disease and may be associated with chemoresistance [18] . Claudin 7 is frequently overexpressed in ovarian cancer and has been linked to increased migration [42] . High expression of c-MET in ovarian cancer has been associated with poor survival and the use of c-MET inhibitors could enhance the effects of platinum-taxane therapy [43, 44] . The early changes in ESR1 and HER4 were unexpected as were the later changes in invasion and EMT proteins. High expression of ESR1 has been associated with outcome for ovarian cancer after platinum-based therapy [45] and also decreased on carboplatin treatment. Expression of HER4 (ERBB4) has been associated with chemoresistance [46] in ovarian cancer and this decreased on carboplatin treatment. Several of the later changes may reflect rapid regrowth, for example the increases in pERK and pAKT. These proteins are key in activation of their corresponding ERK and AKT pathways which are complex, interacting cascades playing key roles in normal and malignant cell growth [47] .
Further responses were observed when carboplatinpaclitaxel combination therapy was compared with carboplatin treatment alone. The dynamic response to the carboplatin-paclitaxel combination involved similar or greater responses in the same pathways but with more proteins demonstrating a response while additional pathway molecules were also modulated (Fig. 6 ). Therefore the cell cycle (Cyclin B1, pCDK2, pCHK1 and also pHH3, MYC and p21) and DDR (pH2AX, pBRCA1, pCHK1) pathways showed similar or more pronounced changes than with carboplatin alone and with more of the tested proteins demonstrating changed expression. Consistent to our findings, p21 (CDKN1A) is reported to increase after paclitaxel treatment in ovarian cancer cells contributing to cell cycle regulation [48] . In Fig. 6 Heatmap of post-treatment dynamic pathway activation in OV1002 xenografts. The number of differentially expressed (DE) protein members of a pathway (Jak/STAT signaling, ERBB signaling, ERα signaling, mTOR signaling, WNT signaling, cell cycle, DDR, EMT/Invasion, MAPK signaling and AKT signaling) in each time point is colour coded in shades of blue, for each treatment: carboplatin and carboplatin-paclitaxel addition to the mTOR molecule pS6 increasing, components of the AKT pathway (pAKT, PTEN) were modulated with pAKT increasing, while its tumor suppressor regulator PTEN was down-regulated early on. The MAPK pathway was again modulated with pERK expression increasing. WNT signaling (both βCatenin and phospho-βCatenin), EMT markers (MET, SNAI1), invasion (Claudin 7 and PAI) were again modulated generally at later time points. Increased SNAI1 expression has been reported to relate to paclitaxel resistance in this disease [49] . Additional pathways were also observed with the NFκB (pNFκB) and JAK/STAT (pSTAT3) pathways being up-regulated. NFκB has been shown to possess a biphasic role in ovarian cancer [50] while paclitaxel treatment of ovarian cancer cells has been reported to activate the STAT3 pathway [51] . The ER-α pathway was again down-regulated as was HER4, however further protein members of the ERBB pathway, EGFR and HER2, were also upregulated late. HER2 expression has been reported to relate to paclitaxel sensitivity in ovarian cancer cells in vitro [52] . These findings are consistent with observations from the gene expression study where several of the proteins used here, mostly within the cell cycle and DDR functional groups, were differentially expressed (Fig. 5 ).
Conclusion
The signaling changes induced by carboplatin and carboplatin-paclitaxel indicate pathways activated by the cytotoxic agents and may suggest new targets for therapeutic intervention and potential ways to enhance chemotherapy effects. The changed expression also provides predictive biomarkers of response. If such dynamic changes can be identified in clinical samples during treatment, they may help indicate the responsiveness of the tumor to chemotherapy. Early changes included DDR and cell cycle regulatory proteins associating with tumor volume changes, which were expected. Therefore inhibitors of the cell cycle or the DDR signaling pathway, e.g., CHK inhibitors [53] , may merit further testing and assessment. Changes in ESR1 and HER signaling were also observed, as were late changes in EMT and invasion markers, and these require further investigation to assess their generality.
